Death receptor-mediated apoptosis has been implicated in target organ destruction in chronic autoimmune thyroiditis. Depending on the circumstances, inflammatory cytokines such as IL-1, TNF and IFNg have been shown to contribute to either the induction, progression or inhibition of this disease. Here we demonstrate that the death ligand TRAIL can induce apoptosis in primary, normal, thyroid epithelial cells under physiologically relevant conditions, specifically, treatment withthecombinationofinflammatorycytokinesIL-1bandTNFa. In contrast, IFNg is capable of blocking TRAIL-induced apoptosis in these cells. This regulation of TRAIL-mediated apoptosis by inflammatory cytokines appears to be due to alterations of cell surface expression of TRAIL receptor DR5 and not DR4. We also show the in vivo presence of TRAIL and TRAIL receptors DR5 and DcR1 in both normal and inflamed thyroids. Our data suggests TRAIL-mediated apoptosis may contribute to target organ destruction in chronic autoimmune thyroiditis.
Introduction
Apoptosis is a normal, active, genetically controlled process of cell death that does not require the participation of the inflammatory process. 1 Apoptosis mediates several normal functions in human biology including elimination of unneeded or unwanted cells in development, organ homeostasis, and immune regulation and defense. 2 ± 4 A primary pathogenic event in the development of autoimmune endocrine diseases is the immune-mediated destruction of a particular type of endocrine cell. Clinical disease in chronic autoimmune thyroiditis is caused by the specific cytotoxic destruction of thyroid follicular cells through apoptosis. This is a similar process to what appears to cause clinical illness in type I diabetes, where cytotoxic destruction of islet b cells leads to inadequate insulin production and hyperglycemia. 6 Immunemediated apoptosis, specifically triggered through the death receptor Fas, is believed to be central to the pathogenesis of autoimmune diabetes because apoptosis destroys islet b cells in both animal models of diabetes and the human type I disease 7, 8 and animals that do not express normal Fas do not develop disease. 9 Recent evidence suggests that this is due to loss of target cell susceptibility to apoptosis rather than disruption of the immune response by alteration of Fas. 10 Fasmediated destruction has also been proposed as the cause of hypothyroidism in chronic autoimmune thyroiditis. 11 ± 14 Other death receptors (DR), such as DR4 (TRAIL-R1) and DR5 (TRAIL-R2, TRICK2, KILLER), may also be involved in this process, but due to their very recent characterization have not been evaluated. Thus, apoptosis signaled through the Fas or other death receptor pathways might also be important in the pathogenesis of thyroid disease.
Activated T lymphocytes expressing death ligands such as FasL and TRAIL (the ligand for DR4 and DR5 as well as decoy receptors DcR1 [TRAIL-R3, TRID, LIT], DcR2 [TRAIL-R4, TRUNDD] and osteoprotogerin) may be responsible for inducing thyroid cell destruction during the inflammatory response to thyroid autoantigens. In fact apoptotic thyroid follicular cells are often found in close proximity to infiltrating lymphocytes in inflamed thyroids. 15, 16 Inflammatory cytokines are present in inflamed thyroids and have been shown to influence thyroid disease in experimental autoimmune thyroiditis animal models. 17 Direct experimental evidence for the involvement of inflammatory cytokines IFNg, TNFa and IL-1b in experimental autoimmune thyroiditis has been well-documented. 18 ± 23 Regulation of death receptor pathways in the thyroid may be a potential mechanism in which inflammatory cytokines might act to promote disease progression. Several groups, including our own, have shown the influence of inflammatory cytokines in Fas-mediated apoptosis of cultured thyroid cells 11, 12, 24, 25 and reviewed in Borgerson et al. 14 We have also shown that thyroid epithelial cells (TECs) are susceptible to TRAIL-mediated apoptosis after pretreatment with cycloheximide (CHX) and that TRAIL itself is expressed by the TECs treated with IFNg, TNFa or IL1b. 26 Combined, this data suggests that TRAIL-mediated apoptosis may have a role in autoimmune thyroiditis.
We have identified physiologically relevant conditions in which TRAIL can mediate apoptosis in normal primary TECs. In this study we demonstrate that pretreatment of thyroid cells with the combination of TNFa and IL-1b provides a signal that allows for TRAIL-mediated apoptosis.
The apoptotic activity appears to be mediated by the movement of DR5 from the cytoplasm to the cell surface where it can transmit the death signal. Conversely, DcR1 is removed from the cell surface under these conditions. In contrast, IFNg protects against cell death through this pathway by preventing DR5 movement to the cell surface. We also show the in vivo presence of TRAIL and its receptors DR5 and DcR1 in chronic autoimmune thyroiditis. Combined, this data further suggests a role for the TRAIL death pathway in autoimmune thyroiditis. These findings may also be important to the current debate regarding the potential use of TRAIL as an anti-cancer agent as they suggest TRAIL treatment may accelerate destruction of inflamed thyroid tissue and that IFNg may have a protective role in this process.
Results

TNFa combined with IL-b induces susceptibility to TRAIL-mediated apoptosis in thyroid cells
We have previously demonstrated that both FasL and TRAIL are capable of inducing apoptosis in TECs after CHX Figure 1 Inflammatory cytokines induce susceptibility to TRAIL-mediated cell death in TECs. (A) Normal primary TEC cultures were pretreated for 4 days with the indicated cytokines prior to addition of TRAIL (800 ng/ml). Cells were harvested after 18 h by combining non-adherent cells in the culture media with trypsinized adherent cells, washed in PBS and stained with PI and FDA for quantitation by flow cytometry. 10 000 cells/sample were assayed for live and dead cells. Asterisks denote results of TRAIL treatment with P50.0001 (chi-squared test) when compared separately with both the control sample (no cytokines) and untreated (cytokines but no TRAIL). The # symbol denotes the result of TRAIL treatment with P50.0001 (chi-squared test) when compared with TNF/IL-1/TRAIL treatment. This assay is representative of results from 10 independent experiments each using thyroid cultures from different patient samples. (B) Cultures were treated and assayed as above except cytokines were added to cultures for the indicated number of days prior to the addition of TRAIL and cells were harvested after 6 h incubation with TRAIL. Asterisks denote results of TRAIL treatment with P50.0001 (chi-squared test) when compared separately with both the control sample (day 0) and untreated (cytokines but without TRAIL). (C) Cultures were treated and assayed as in A prior to the addition of TRAIL (800 ng/ml) or TNFa. The asterisk denotes results of TRAIL treatment with P50.0001 (chi-squared test) when compared separately with all other samples. (D) Cultures were treated as in C except TRAIL, at concentrations displayed in the figure, were pre incubated with TRAIL-neutralizing soluble DR5 or soluble TNFR at 0.2 mg/ml for 1 h prior to addition to cultures. The asterisks denote results of TRAIL+soluble TNFR1 treatment with P50.0001 (chi-squared test) when compared separately with untreated 0 ng of TRAIL control and cultures with the same concentration of TRAIL with soluble DR5 treatment. 26, 27 We also showed that IFNg combined with TNFa and/or IL-1b pretreatment of TECs could provide death susceptibility to Fas-mediated apoptosis. 12 In order to determine whether TRAIL-mediated apoptosis could be similarly induced by inflammatory cytokines we treated normal (obtained from non diseased tissue) primary TEC cultures for 4 days with various combinations of cytokines prior to addition of recombinant TRAIL to the culture medium. Cell death was measured 20 h after TRAIL administration. Figure 1A shows the results of this assay. Substantial cell death occurred in cultures pretreated with the combination of TNFa and IL-1b, with lower but significant levels of cell death detectable in IL-1b treated cultures. No cell death was observed with TNFa pretreatment. Saturating concentrations of IL-1b and TNFa were used suggesting the combination of the two cytokines results in a true synergistic effect rather than an additive effect. The additional pretreatment of these cultures with IFNg inhibited cell death in both circumstances ( Figure 1A ). The percentage of cell death occurring under these conditions varied in cultures derived from one patient sample to another but in all 10 samples tested the requirement for these particular cytokine combinations and only these combinations was absolute. The range of cell death was 23 ± 60% above background in IL-1b/TNFa pretreated TRAIL treated samples with an average of 39% cell death. In these same 10 samples the addition of IFNg resulted in reduction of cell death ranging from 13.7 ± 53.2% with an average of 35.7% when compared to TRAIL-mediated cell death after TNFa/IL-b treatment. All other experiments were performed on cultures derived from these 10 samples. To determine the optimum length of inflammatory cytokine treatment for induction of thyroid cell death susceptibility to TRAIL a timecourse of inflammatory cytokine treatment was performed. Figure 1B shows that detectable TRAIL-mediated cell death occurred after 4 days of cytokine pretreatment and declined slightly by day 5. The requirement for at least 4 days exposure of the TEC cultures to cytokines TNFa and IL-1b combined with the rapid (44 h, Figure 3B and C) cell death after treatment with TRAIL suggests that TRAIL is the primary death signal rather than TNFa. To further distinguish whether the primary death signal is from TRAIL and not TNFa we reversed the treatment conditions by exposing the cells to TRAIL and IL-1b for 4 days prior to TNFa treatment and compared cell death to the previously defined conditions. Data in Figure 1C shows that pretreatment with TRAIL and IL1b does not impart susceptibility to TNFa-mediated cell death. To demonstrate the specificity of the recombinant TRAIL preparation we used recombinant soluble DR5 to neutralize TRAIL. The results of this experiment shown in Figure 1D clearly demonstrate that soluble DR5 blocks TRAIL-induced cell death while soluble TNF R1 does not.
To definitively identify the apoptotic cells as thyroid follicular cells; we used an antibody that is specific for cytokeratin 18 (CK18), a marker for epithelial cells, but not fibroblasts (which commonly grow out of primary TEC cultures). Figure 2A shows CK18 expression in 90.6% of untreated cells and 82.2% of TNFa and IL-1b pretreated cells in thyroid cultures which were treated with TRAIL for induction of apoptosis (shown in Figure 2B ). Figure 2B shows the results of staining the same cells used in Figure   2A with the M30 CytoDEATH 1 Ab that specifically detects apoptotic epithelial cells by binding to caspase-cleaved CK18. 10.7% of the cells treated with cytokines and TRAIL were both epithelial and apoptotic in this assay. This is compared to only 1.1% of the cells treated with inflammatory cytokines but not treated with TRAIL and 51% of the cells without inflammatory cytokine treatment regardless of TRAIL treatment. This documents that TRAIL induced apoptosis occurs in TECs. The addition of IFNg to the other inflammatory cytokines in this assay caused a small increase in background death (from 1.1 to 1.8%) as was seen in most of our assays. But IFNg pretreatment significantly reduced TRAIL specific apoptosis from 10.7% to 3.3%. Fibroblasts and vascular smooth muscle cells are common contaminants of TEC cultures and will overwhelm the epithelial cells over extended culture. Treatment of fibroblast or vascular smooth muscle cells derived from thyroid cultures with cytokines and TRAIL showed no cell death while remaining susceptible to Fas-mediated cell death (unpublished data).
Several assays were performed to further characterize the phenomenon of inflammatory cytokine-induced TRAIL- Figure 3A shows a dose-response curve where TRAIL, in concentrations 550 ng/ml, was capable of mediating the inflammatory cytokine induced cell death with maximum killing occurring at the highest concentration used (800 ng/ml). This range of concentrations is higher than that required for CHXinduced susceptibility to TRAIL-mediated apoptosis. 26 Figure 3B shows that near maximum cell death occurs within 4 h and increases incrementally at 8 h where the level is maintained for at least 18 h more. This is likely due to rapid cell killing that reaches a limit at 4 ± 8 h. The dead cells then continue to remain detectable at later time points in this assay. The rapidity of killing is comparable to uninhibited Fas-mediated killing in other systems 28, 29 and in inflammatory cytokine treated thyroid cells. 12 Annexin V staining of the outer leaflet of the plasma membrane was used to confirm that the dying thyroid cells were undergoing apoptosis. Figure 3C shows that significant Annexin V staining of intact cells occurred between 2 and 4 h. This also confirms the time course data in Figure 3B .
TRAIL receptor expression and regulation in TECs
We have previously determined that DR4 and DR5 mRNA is expressed in untreated normal primary TECs. 26 To determine whether regulation of expression of the TRAIL death receptors or decoy receptors may be involved in the control of thyroid cell apoptosis we performed RNase protection assays to determine relative mRNA expression levels in thyroid cell cultures treated with inflammatory cytokines. Figure 4A displays an autoradiogram showing relative levels of expression of DR4, DR5, DcR1 and DcR2 in thyroid cell cultures after 4 days treatment with various combinations of inflammatory cytokines. All four TRAIL receptor genes are expressed at the mRNA level regardless of cytokine treatment conditions. Also, all four genes appear to be regulated by certain combinations of cytokines, but increases in DR4 or DR5 mRNA levels do not correlate with conditions that promote TRAIL-mediated apoptosis (IL-1b or TNFa/IL-1b treatment). This suggests that death receptor up-regulation is not required for TRAIL death signaling, thus confirming our previous demonstration that susceptibility to TRAIL-mediated apoptosis could be induced by treatment with CHX, which would block any increase in de novo receptor expression. 26 Interestingly, DcR1 mRNA expression is decreased by 50% by the combination of TNFa with IL-1b when compared to the untreated control (as measured by densitometry and corrected for mRNA loading by comparison with GAPDH levels) and is unchanged or increased by other inflammatory cytokines including IL-1b alone (50% increase). DcR2 mRNA expression, in conflict with its proposed function as an inhibitor of TRAIL-mediated apoptosis, increases dramatically under conditions of TRAIL susceptibility. To further characterize the regulation of TRAIL receptors we performed Western analysis on whole-cell lysates from TECs treated with inflammatory cytokines to determine relative levels of total protein expression. The results are shown in Figure 4B . DR5 protein was found present under all conditions but was increased significantly by treatment with IL-1b alone, TNFa alone and both in combination. DR5 was significantly reduced Figure 3 Further characterization of TRAIL induced cell death in TECs. (A) A dose-response of TRAIL cytotoxicity was performed on TEC cultures treated as described for Figure 1 . Asterisks denote results of TRAIL treatment with P50.0001 (chi-squared test) when compared separately with both the control sample (no cytokines) and untreated (cytokines but without TRAIL). (B) A timecourse of TRAIL cytotoxicity was performed on TEC cultures pretreated for 4 days prior to harvesting for staining and flow cytometry as described above. TRAIL (800 ng/ml) was added at the indicated times prior to cell harvest. Asterisks denote results of cytokine treatment with P50.0001 (chi-squared test) when compared separately with both the control sample (0 h TRAIL treatment) and untreated (TRAIL but without cytokines). (C) Annexin V staining to determine apoptosis of TECs was performed on cultures treated for 3 days with TNF/IL1, and TRAIL was added at the indicated time prior to cell harvest for staining and flow cytometry as described above. Asterisks denote results of TRAIL treatment with P50.0001 (chi-squared test) when compared to untreated cultures. TRAIL was also added immediately prior to harvest (0 h) to control for any apoptosis occurring after harvest but prior to flow cytometry quantitation. Only PI negative cells were used for quantitating Annexin V staining To provide a more definitive clarification of a role for TRAIL receptor regulation in TRAIL-mediated apoptosis of TECs we determined their cell surface expression after treatment with cytokines. Figure 5 shows the results of flow cytometric determination of cell surface expression of DR5, DR4 and DcR1. DR4, DR5 and DcR1 were present in all untreated and cytokine treated cells. DcR2 was undetectable (unpublished data). Levels of DR4 were very low and decreased slightly with TNFa/IL-1b treatment. This sug- gests DR4 does not play a role in TRAIL-mediated apoptosis in TECs. DR5 cell surface levels increased significantly with IL-1b and more so with IL-1b/TNFa treatment and dropped to below untreated cell levels when IFNg was added to either IL-1b or IL-1b/TNFa. Curiously, IFNg also slightly lowered DR5 levels in combination with TNFa but not by itself. This suggests the survival signal given by IFNg that results in the suppression of cell surface DR5 requires an additional signal provided by either TNFa or IL-1b. DcR1 cell surface levels were suppressed by the IL-1b/TNFa treatment and returned to normal levels with the further addition of IFNg. This is in agreement with its potential role as an inhibitor of TRAIL-mediated apoptosis. Each cytokine alone increased DcR1 expression but IFNg combined with either IL-1b or TNFa suppressed DcR1 expression. The greatest DR5 induction occurs under the same conditions as the greatest suppression of DcR1 and this correlates with the conditions of greatest sensitivity to TRAIL-mediated apoptosis.
To further define the role of subcellular location of TRAIL receptors in TRAIL-mediated apoptosis we performed confocal microscopy on cytokine treated TECs. Figure 6 displays the results of this analysis. DR5 expression is present regardless of cytokine treatment and is mostly intracellular. In agreement with the flow cytometry data, cell surface DR5 appears to increase with IL-1b/TNFa treatment and decrease with the further addition of IFNg when comparing relative intensity of surface staining to intracellular staining. DcR1 surface expression also shows agreement with the flow cytometry data as increased relative fluorescence is shown at the junctions of cells untreated and IFNg/IL-1b/TNFa treated cells although most fluorescence is intracellular. Decreased DcR1 expression occurs after IL-1b/TNFa treatment.
DR5 transmits the apoptotic signal to IL-1b/TNFa treated TECs
During the course of our investigations we determined that a DR5-specific polyclonal Ab produced in goat (R&D Systems lot #BVQ02) had the ability to act as an agonist for inducing apoptosis. This agonist Ab was specific for DR5 as soluble DR5 was able to block this activity while soluble DR4 and TNF R1 were not (unpublished data). As shown in Figure 7 the DR5 agonist Ab induces apoptosis in IL-1b/TNFa treated TECs and this activity is suppressed by the further addition of IFNg. Soluble DR5 was able to neutralize the effects of this Ab while soluble TNF R1 was not, thus proving its specificity. This is identical to TRAIL-mediated apoptosis of these cells. This data along with the DR5 cell surface expression data strongly suggests that TRAIL acts through DR5 to induce apoptosis in TECs. Figure 6 Laser scanning confocal microscopy of TECs stained for DR5 and DcR1 expression after 4 days treatment with the indicated cytokines. Arrows indicate cell surface staining. This experiment is representative of results from five independent experiments each using cultures derived from different patient samples 
DR5, DcR1 and TRAIL are present in normal and thyroiditis glands
To determine the potential for TRAIL-mediated apoptosis in vivo we endeavored to document DR5 and DcR1 expression in normal and diseased thyroids. To demonstrate the presence of DR5 and DcR1 in the thyroid we performed immunohistochemical staining of paraffin embedded thyroid tissue sections from patients with chronic autoimmune thyroiditis and compared staining with sections from normal thyroid lobes contralateral to the cancerous lobe in patients with thyroid cancer. As shown in Figure 8 , DR5 and DcR1 are present and strongly expressed in all TECs regardless of whether they are normal or involved in thyroiditis. DR5 and DcR1 staining was detected in all thyroid follicles including those undergoing destruction. A significant portion of the infiltrating lymphocytic cells in the thyroiditis tissue also express both receptors. These results were confirmed using a second Ab specific for a different epitope of DR5 (unpublished observation). We have previously shown that TRAIL mRNA is expressed in inflammatory cytokine treated thyroid cells in culture. 26 Determining the presence of TRAIL protein in the thyroid may suggest a mechanism for thyroid destruction in autoimmune thyroiditis. To determine whether TRAIL is expressed in vivo we immunohistochemically stained sections from the same thyroid tissue used in the experiments shown in Figure 8 . Figure 9 shows TRAIL expression in follicular cells from both normal and thyroiditis-derived glands. Few, if any, lymphocytic cells expressed TRAIL (unpublished observation).
Discussion
The data presented here demonstrate that TRAIL-mediated apoptosis of TECs is regulated by inflammatory cytokines. IL1b alone and in combination with TNFa induces sensitivity to TRAIL, while the further addition of IFNg makes these cells resistant to apoptosis induced by TRAIL. This is the first reported demonstration of IL-1b induction of TRAIL sensitivity, TNFa/IL-1b synergy in inducing TRAIL sensitivity and inhibition of TRAIL sensitivity by IFNg. This pattern of TRAIL sensitivity correlates with levels of cell surface expression of TRAIL receptors. IL-1b/TNFa enhancement of DR5 surface expression provides the mechanism of TRAIL sensitivity. IFNg counteracts this activity by suppressing DR5 surface expression, thus preventing apoptotic signal transduction. We have further documented that the signal is mediated through DR5 by the use of a DR5 specific agonist Ab. These data are the first to demonstrate the induction of cell surface DR5 by IL-1b alone or in synergy with TNFa. This is also the initial demonstration of regulation of DcR1 cell surface expression levels by any treatment of any cell type especially primary cells. We also show for the first time the in vivo presence of DR5, DcR1 and TRAIL in the thyroid gland in both normal thyroid follicles and follicles undergoing autoimmune destruction. Many articles have been published describing an apparent lack of correlation of TRAIL receptor expression (both death and decoy receptors) with susceptibility to TRAIL. 30 ± 37 The authors of these articles have suggested, without definitive proof, that either downstream signal inhibitors are involved or endogenous levels of decoy Figure 8 TRAIL receptor expression in the thyroid Immunohistochemical staining of thyroid sections was performed on samples from a normal thyroid (upper panels) and from a patient with chronic autoimmune thyroiditis (lower panels) using Ab specific for DR5 (middle panels) and DcR1 (right panels) compared to a rabbit control Ab (left panels). Original magnification=1006 receptors are not involved in TRAIL-mediated apoptosis regulation. Our results suggest that these inconsistencies are likely due to simply measuring mRNA or total protein, which are not reflective of the functional form of the receptor on the cell surface. Others have shown constitutive surface expression of TRAIL death receptors on cells that were not susceptible to TRAIL. 38 This suggests the possibility of an intracellular inhibitor of the TRAIL pathway. Our data regarding inflammatory cytokine regulation of TRAIL-induced apoptosis does not rule out the possibility of an intracellular inhibitor of this pathway. We have demonstrated in TECs that cytokine regulated apoptosis was not due simply to an increase in total expression of the TRAIL death receptors DR4 and DR5. This agrees with our previous findings that showed inhibition of protein synthesis in these cells could also enable the TRAIL pathway, possibly through selective loss of a labile inhibitor. 26 This inhibitor may act by preventing release of cytoplasmic DR5 to the cell surface. Expression levels of known inhibitors of apoptosis BCL-2, BCL-x, XIAP, NAIP, cIAP1, cIAP2 and cFLIP in our system are not regulated in a manner that correlates with susceptibility to TRAIL, neither does expression of pathway components Caspase-8, Caspase 10, Caspase 3 and FADD (unpublished data).
DcR1 is a TRAIL decoy receptor that when over expressed has been shown to inhibit TRAIL receptormediated apoptosis. 39, 40 Activity of endogenous levels of cell surface DcR1 have not been well characterized. DcR1 mRNA and cell surface expression in TECs is suppressed by the same conditions that induce apoptosis susceptibility. This suggests DcR1 suppression may be a mechanism of apoptosis regulation in these cells. Although we cannot definitively prove that DcR1 is involved in TEC apoptosis regulation because its down regulation coincides with DR5 upregulation, it is on the cell surface and accessible to TRAIL binding. This could hypothetically reduce the amount of TRAIL available for binding to DR5 initiating the apoptotic signal. 39 ± 41 Apoptosis plays an important role in autoimmune disease.
3,42 ± 44 Death receptor pathways other than Fas and TNFR-1 have only recently become recognized as potentially important in disease pathogenesis. 45, 46 Specifically, inhibition of TRAIL has been implicated in exacerbation of rheumatoid arthritis and experimental autoimmune encephalomyelitis in animal models. 47, 48 The presence of TRAIL, DR5 and DcR1 in an inflamed thyroid and regulation of the TRAIL apoptosis signaling pathway by the inflammatory cytokines TNFa, IL-1b and IFNg, which Figure 9 TRAIL expression in the thyroid. Immunohistochemical staining was performed on sections from the same samples used in Figure 8 using an Ab specific for TRAIL (right panels) and a mouse IgG control Ab (left panels). Original magnification=1006 are known to be present in autoimmune thyroids, strongly suggests a role for these proteins in autoimmune thyroid disease. 49 In addition, the presence of all three of these proteins in a normal thyroid strongly supports our view that this pathway is highly regulated and is normally inhibited. 49 We have now shown that inflammatory cytokines IFNg, TNFa and IL-1b, regulate TEC susceptibility to apoptosis by both Fas 12 and TRAIL-mediated mechanisms, but this occurs only with specific and unique combinations of these cytokines. Interestingly, the conditions of maximum Fasmediated apoptosis (IFNg combined with either TNFa or IL1b, and all three combined) are different and exclusive of the conditions of maximum TRAIL-mediated apoptosis (TNFa with IL-1b). For example the addition of all three of these cytokines increases Fas-induced apoptosis but specifically inhibits TRAIL-induced apoptosis. This suggests that the inhibition of the Fas and TRAIL apoptosis pathways occurs prior to their convergence at the common apoptotic pathway and involves distinct inhibitors that are differentially regulated. This suggests these complementary activities must have an important function and the cytokine milieu in the thyroid follicle microenvironment would be important for regulating these functions. In addition to TRAIL susceptibility, TRAIL expression is induced in TECs by certain combinations of cytokines. By mRNA analysis all three cytokines stimulate low levels of TRAIL expression with the greatest induction occurring under conditions of maximum susceptibility to Fas-mediated apoptosis (IFNg combined with either TNFa and/or IL-1b). 12, 26 This suggests TECs are becoming susceptible to FasL when they are simultaneously acquiring the ability to kill cells susceptible to TRAIL. Based on these observations we have proposed several models for the involvement of TRAIL in destructive thyroiditis. 49, 50 These are similar to models proposed for FasL. 11, 51 (1) Inflammatory cytokine sensitized TECs may be killed by autoimmune cells expressing TRAIL, (2) TRAIL expressed by TECs may be involved in a defense mechanism for the TECs to resist attack by killing autoimmune lymphocytes, or alternatively, (3) TRAIL expressed by TECs may result in self destruction. Models 1 and 3 would result in loss of thyroid hormone production by the thyroid gland and result in Hashimoto's disease. Model 2 would result in protection of the thyroid gland despite the presence of autoimmune cells, a situation which occurs in Graves' disease. Each of these scenarios is possible but depends on the presence of a particular combination of inflammatory cytokines. We have described these models in greater detail in recent reviews. 49, 50 These models are not necessarily exclusive of each other. Future experiments will distinguish these scenarios.
It has recently been reported that some, but not all, TRAIL preparations can kill normal human hepatocytes depending on the purification method and presence of epitope tags. 52, 53 Our TRAIL was prepared by a method likely to produce hepatotoxicity. 54 We are currently attempting to obtain the non-hepatotoxic TRAIL for tests on TECs. Regardless, the cytokine regulation of DR5 and DcR1, as well as the activity of the agonist DR5 Ab, are independent of the TRAIL prep. Based on this information it will be of interest to determine whether IFNg treatment can protect normal human hepatocytes from TRAIL-mediated apoptosis in a manner similar to its rescue of TECs.
In summary, we have outlined mechanisms of TRAILmediated apoptosis in thyroid epithelial cells. This system of inducible and repressible TRAIL-mediated apoptosis will provide a useful experimental model for further study of the regulation of this pathway. We have also demonstrated the presence of the involved proteins (DR5, DcR1, TRAIL) in vivo. This observation documents the relevance of these investigations to human disease states. Studies with animal models including transgenic mice as well as more in-depth studies in humans will be needed to clarify the role these pathways perform in thyroid disease.
Materials and Methods
Cell culture
Normal thyroid tissue was obtained from patients at thyroidectomy from the uninvolved, contralateral lobes of thyroids with tumors. All excised tissues were prepared for cell culture as previously described. 27 The primary cultures were passaged in CellGro Complete media (Mediatech, Herndon, VA, USA) supplemented with 10% NuSerum IV (Collaborative Biomedical Products, Bedford, MA, USA), 100 units/ml penicillin and 100 mg/ml streptomycin. CK18 staining was performed with anti-CK18 Ab (Chemicon) and quantitated by flow cytometry, as described below, to determine TEC purity and only cultures that were 490% positive were used for experiments.
Cytokines, agonist Abs and soluble receptors used in cell culture
Cells were treated with cytokines, as described in the figure legends at the following concentrations: IFNg (100 u/ml) (Roche Molecular Biochemicals), TNFa (50 ng/ml) (Collaborative Biomedical Products), IL-1b (50 u/ml) (Sigma Chemical Co.). TRAIL (a kind gift of A Chinnaiyan) was affinity purified as described 54 from bacterial lysates of cells transfected with the plasmid pET15b-His-FLAG-TRAIL. The purity of the TRAIL preparation was confirmed by silver stained SDS ± PAGE and limulus amebocyte lysate assay. 54 Agonist anti-DR5 Ab (R&D Systems) was used at 500 ng/ml to induce apoptosis specifically through DR5. Soluble human DR5/IgG Fc chimera, used as specific inhibitor of TRAIL, and human TNF-R1/IgG Fc chimera were kindly provided by R&D Systems.
RNase protection assays
RNA was isolated from cells using Trizol Reagent according to the manufacturer's protocol (GibcoBRL, Grand Island, NY, USA). RiboQuant MultiProbe RNase Protection Assay System (Pharmingen, San Diego, CA, USA) was used for the detection and quantitation of multiple, specific mRNA species. 32 P-labeled antisense RNA probes were prepared using the Human Apoptosis hAPO-3d template set (Pharmingen), which included probes for human TRAIL, DR4, DR5, DcR1, DcR2 and GAPDH. This was performed as described previously 27 according to the manufacturer's protocol. Briefly, the probes were hybridized with 2 ± 5 mg total RNA from treated thyrocytes. After hybridization, the samples were subjected to RNase treatment followed by purification of RNase-protected probes. The protected probes were resolved on a 5% denaturing polyacrylamide gel. We quantified transcripts by autoradiography followed by densitometry. Relative amounts of message were corrected for RNA loading by comparison with the GAPDH band intensity for each sample.
Determination of cell viability and apoptosis
Cell viability was determined by staining with fluorescein diacetate (FDA) and propidium iodide (PI) quantitated by flow cytometry as described by Killinger et al. 55 PI positive and FDA negative cells were considered dead. Flow cytometric analysis of caspase-specific proteolytic cleavage of cytokeratin 18 (M30 CytoDEATH 1 monoclonal Ab) and Annexin V binding (Annexin V-FLUOS staining kit) were used as described by the manufacturer to confirm that apoptosis had occurred (both from Roche Molecular Biochemicals).
Western analysis
Total DR4, DR5, DcR1 and DcR2 protein expression in thyroid cell cultures was determined by Western analysis. Cells were rinsed with PBS and lysed in RIPA buffer with protease inhibitors (Complete, Roche Molecular Biochemicals), insoluble material was removed by centrifugation and supernatants stored frozen at 7208C until used for Western analysis. Protein in the lysates was quantitated by BCA protein assay kit (Pierce Chemical Co., Rockford, IL, USA) and equivalent amounts of each sample were electrophoretically separated on a 10.0% SDS-polyacrylamide gel after addition of sample buffer and transferred to nitrocellulose as described. 27 Primary Abs used were as follows: mouse anti-DR4 monoclonal Ab (Imgenex) at 2.0 mg/ml, goat anti-DR5 polyclonal Ab (R&D Systems) at 0.2 mg/ml, rabbit anti-DcR1 polyclonal Ab (Affinity BioReagents) 2.0 mg/ml and rabbit anti-DcR2 polyclonal Ab (ProSci) at 0.5 mg/ml. Results were visualized by ECL (Amersham, Arlington Heights, IL, USA) followed by autoradiography and quantitated by densitometry.
Flow cytometric determination of cytokeratin 18, DR5, DR4 and DcR1 expression Cytokeratin 18 expression was determined by Ab staining and quantitated by flow cytometry as described by manufacturer (Roche Molecular Biochemicals). Briefly, trypsinized cells were washed and fixed in ice-cold methanol overnight, washed in wash buffer (PBS, Triton X-100) and incubated for 15 min in blocking buffer (PBS, Triton X-100, BSA). Blocking buffer was replaced with anti-cytokeratin 18 Ab diluted to 2.0 mg/ml in blocking buffer and incubated for 1 h. Cells were then washed in washing buffer three times and resuspended in secondary Ab (anti-mouse FITC conjugate (Jackson ImmunoResearch) diluted to 1 : 100 in blocking buffer) and incubated for 30 min, washed three times with wash buffer and resuspended in 0.5 PBS for flow cytometry as described below. The MOPC21 Ab (Sigma) was used as an isotype matched control Ab.
For detection and quantiation of DR5, DR4 and DcR1 cell surface expression by flow cytometry, cytokine treated thyroid cells were made non adherent by incubation with 0.265 mM EDTA in PBS, washed in PBS and incubated for 15 min in blocking solution (2% normal horse serum, 1% BSA in PBS) at 48C. Goat polyclonal anti-human DR5, DR4 or DcR1 Ab (R&D Systems) was diluted in blocking solution to 5 mg/ml and cells were incubated with the Ab for 20 min, at 48C. After washing in the blocking solution, FITC-conjugated anti-goat F(ab') 2 fragment (Jackson ImmunoResearch) was used in 1 : 100 dilution for 20 min, at 48C. Purified goat IgG (R&D Systems) served as control Ab. Flow cytometry was performed and 2610 4 cells were acquired for each sample and quantitated on a FACScalibur flow cytometry (Becton Dickinson, Franklin Lakes, NJ, USA).
Immunostaining of thyroid sections and cultured cells DR5, DcR1 and TRAIL expression on human thyroid tissue sections was analyzed by immunohistochemical staining. Formalin-fixed, paraffin-embedded sections were obtained after pathological examination from normal thyroid glands and from patients with chronic autoimmune thyroiditis. Sections were deparaffinized with three rinses of xylene and rehydrated in ethanol. For antigen unmasking the slides were microwave-treated for 15 min in 0.01 M citrate buffer pH 6.0. Neutralization of endogenous peroxidases was performed by 30 min incubation of sections with 3% H 2 O 2 dissolved in methanol. Samples were blocked with 5% goat or horse serum (depending on the secondary Ab) for 20 min. DR5 expression was detected by rabbit polyclonal Ab (2019, ProSci Inc., Poway, CA, USA, and AF837, R&D Systems, Minneapolis, MN, USA). Purified rabbit IgG Ab was used as a control (Jackson ImmunoResearch Laboratories, Inc, West Grove, PA, USA). Sections were incubated with rabbit Abs for 1 h at 5 mg/ml in 1.5% normal goat serum. After washing with PBS, the slides were incubated with biotinylated goat anti-rabbit IgG and detected using avidin-biotin complex kit with VIP substrate (Vector Laboratories, Inc. Burlingame, CA, USA). TRAIL expression was examined using mouse monoclonal Ab (66251A, Pharmingen, San Diego, CA, USA) and MOPC 141 Ab as an isotype (IgG2b) matched control (M8894, Sigma), at 5 mg/ml in 1.5% normal horse serum for 1 h. Secondary Ab for mouse Abs was biotinylated horse anti-mouse IgG Ab (BA-2000, Vector Laboratories, Inc. Burlingame, CA, USA). Detection was performed using ABC and VIP substrate as described above. Slides were counterstained with methyl green and mounted with Permount (Sigma).
Staining of cultured thyroid cells was performed as described previously 27 with the following changes: Ab for DR5 (ProSci Inc.) was used at a 1 : 500 dilution and detection was performed using an avidinbiotin complex kit with VIP substrate (Vector Laboratories, Inc.).
Laser scanning confocal microscopy of cultured thyroid cells was performed at the University of Michigan Microscopy and Image Analysis Laboratory on a Zeiss model LSM 510 microscope. For confocal microscopy, thyroid cells cultured in chamber slides were fixed in ice-cold methanol for 10 min. Samples were blocked in 10% FBS for 20 min and the following Abs were used for the detection of TRAIL receptors: DR5 ± rabbit polyclonal Ab (R&D Systems), at 5 mg/ ml concentration and DcR1 ± rabbit polyclonal Ab (ABR), 5 mg/ml. The slides were incubated with the primary Abs overnight at 48C. After washing in PBS the cultures were incubated with Texas-Red-X conjugated anti-rabbit secondary Ab (Molecular Probes) at 10 mg/ml for 30 min. The samples washed in PBS and mounted in Prolong Antifade mounting media (Molecular Probes) and stored at 48C until analysis.
Computer software
Graphing was performed using DeltaGraph 4.0 (DeltaPoint Inc., CA, USA). Flow cytometry data were analyzed by WinMDI 2.7 (Joseph Trotter URL http://facs.scripps.edu/). Densitometric quantitation of autoradiograms was performed using Quantity One (Bio-Rad). Statistical analysis was performed using Microsoft Excel.
